Tolvaptan is the first approved drug treatment to slow kidney function decline in adults at risk of rapidly progressing autosomal dominant polycystic kidney disease (ADPKD). The objective is to develop (1091 subjects, 7335 observations) and validate (678 subjects, 3012 observations) a population pharmacokinetic model to describe tolvaptan pharmacokinetics in ADPKD subjects. The final model was evaluated with a bootstrapping method. The final model was internally and externally evaluated using visual predictive checks (VPC). Pharmacokinetics was best described by a 1-compartmental model with 0-order absorption, nonlinear relative bioavailability (F1), and first-order elimination. Accounting for changes in F1 significantly improved the model: as the dose increased from 15 mg to 120 mg, F1 decreased by 36%. Population estimates for clearance/F (CL/F), volume of distribution/F (Vd/F), duration of absorption (D1), the highest dose at which F1 is lowest, and the amount of dose at which F1 is 50% were 12.6 L·h -1 , 110 L, 0.58 hour, 182 mg, and 166 mg, respectively. The interindividual variability was 64% in CL/F, 70% in Vd/F, and 238% in D1. Residual variability was described by a combined-error model. The VPC (500 data sets simulated) showed that 76% to 92% of the observed data fell within the 90% prediction intervals. The model stability assessed by a 1000-run bootstrap analysis showed that the mean parameter estimates of data were within 10% of those obtained with the final model. The developed model is robust and stable. Internal and external validation confirmed the model ability to describe the data optimally.
Otsuka Pharmaceutical Company discovered tolvaptan, an orally effective, nonpeptide arginine vasopressin (AVP) V2 receptor antagonist. Tolvaptan has been approved as an oral aquaretic agent for the treatment of fluid volume-overload conditions [1] [2] [3] and hyponatremia. [4] [5] [6] Tolvaptan is also approved as the first drug treatment to slow kidney function decline in adults at risk of rapidly progressing autosomal dominant polycystic kidney disease (ADPKD). 7, 8 The mechanism of these effects is proposed to involve inhibition of the AVP V2 receptor and the subsequent decrease in adenosine cyclic 3',5'-monophosphate (cAMP) concentrations in the kidney. Elevated cAMP in the kidney is thought to promote cyst growth by secretion of fluid into the cyst lumen. 9 Subjects with ADPKD have elevated plasma AVP concentrations or exaggerated response of AVP to sodium challenge, and their cyst fluid cAMP levels are elevated by AVP, suggesting that similar mechanisms may be responsible for disease progression across species and causative mutations. Several trials have shown that human ADPKD subjects respond to tolvaptan with potent vasopressin inhibition as indicated by increased urine output and decreased urine osmolality. 10 In a phase 3, multicenter, doubleblind, placebo-controlled, 3-year trial, tolvaptan (n = 961) exhibited a significantly lower rate of growth in total kidney volume, a lower rate of worsening kidney pain, and slower rate of decline in kidney function relative to the placebo group (n = 483). 11, 12 The objectives of the population (Pop) pharmacokinetic (PK) analysis of tolvaptan in subjects with ADPKD were to develop a Pop PK model to describe tolvaptan PK in ADPKD subjects following oral administration of tolvaptan and to perform external validation to determine the predictive performance of the model.
Methods

Study Design and Patient Population for Model Development
The data used for Pop PK model development are from 5 phase 2 trials 10 The number of patients taking 1 or more concomitant medications is not uncommon in phase 3 studies. The concomitant medications taken were grouped on the basis of CYP3A inhibitor or inducer effect. Tolvaptan is a sensitive CYP3A4 substrate. 13 The usage of concomitant medication is not continuous: it is a covariate that changes with each record within an individual, so it is a time-dependent covariate (see equation 2 below). There were 131 subjects with at least 1 instance of strong, moderate, or weak CYP3A inhibitor (Inh) coadministration and 22 subjects with at least 1 instance of strong, moderate, or weak CYP3A4 inducer coadministration.
Analytical Methods for PK Analysis
Plasma tolvaptan concentrations were assayed using high-performance liquid chromatography with tandem mass spectrometry methods described previously. 14 This method used for the determination of tolvaptan in plasma had adequate linearity, specificity, sensitivity, and accuracy. The assay analysis range was 5.00-1000 ng/mL. Samples with concentrations greater than the upper limit of quantitation were handled by dilution procedure. Plasma concentrations below the lower limit of quantitation were excluded from Pop PK analysis.
Pop PK Modeling
The Pop PK model was developed using software package NONMEM, version 7.3 (ICON, Hanover, Maryland). R version 3.4.0 (R Foundation for Statistical Computing, Vienna, Austria) was used for data preparation, graphical analysis, model diagnostics, and statistical summaries. Exploratory data analyses and data visualization techniques were used to understand the data and search for potential outliers. Stochastic approximation expectation maximization (SAEM) estimation method with important sampling was used to identify a stable base model and was used in all stages of the model development process. The SAEM setting produces first-order approximation standard errors, that is, MATRIX = S type, but not a proper objective function for hypothesis testing. Hence, the SAEM estimation process was followed by an evaluation step using important sampling to obtain an objective function value (OFV) that can be used for model comparison. 15 One-and 2-compartmental models with first-or 0-order absorption and first-order elimination were evaluated to determine the base model. The interindividual variability and residual variability were included within the error model as random effects. Four different residual error models were tested, including additive, proportional, exponential, and combined additive and proportional error. The base model was first developed using dense data. Sparse data were then added to the data set.
Covariate Model Building
The covariate analysis consisted of a stepwise forward addition (α-risk of 0.05) and a stepwise backward elimination (α-risk of 0.01) approach. A significance level of 0.05 corresponds to a 3.84 decrease in OFV for 1 degree of freedom for forward addition. The forward addition was continued until no covariate could be declared statistically significant. The model obtained is the full model. As discussed by Joerger, 16 forward addition of covariates was guided based on pathophysiological rationale rather than empirical importance. In the backward elimination step, the parameter-covariate relationships within the full model were eliminated one by one, and the resulting OFV were compared. The parameter-covariate relationship with the least increase in OFV was removed from the model. This procedure was performed until an increase of OFV higher than 6.635 for 1 degree of freedom (ie, chisquared distribution with α-risk 0.01) was obtained for all covariates included in the reduced model issued from the full model. The model obtained at this step was considered as a final model. The model selection was based on the goodness-of-fit plots, precision of parameter estimation, OFV, and individual fits.
Covariates were modeled according to equations 1 to 3. For continuous covariates,
where MU 1 is a function of θ , and Cov i represents the covariate of the i-th individual.
Time-dependent covariates such as estimated glomerular filtration rate (eGFR; calculated by serum creatinine concentration and the chronic kidney disease epidemiology collaboration formula) 17 or covariates changing with each record within an individual such as Inh cannot be part of the MU equation, so they were included outside the MU equation as shown below.
where i is the value of the PK parameter for the ith individual, θ typical is the typical value of the PK parameter for an individual having the covariate equal to the median covariate value, Cov i is the value of the covariate for the individual, and θ cov is the value of the effect of the covariate on the PK parameter. The effect of categorical covariates (which take the value 0 or 1,) on typical values of PK parameters was introduced into the model using a linear model as follows:
where I cov is the categorical covariate indicator variable (taking the value 0 or 1), and θ typical is the typical value of the PK parameter for an individual with I cov = 0, and θ cov is the value of the effect of the covariate on the PK parameter.
Model Diagnostics and Evaluations
The accuracy, stability, and robustness of the final model were assessed using a visual predictive check (VPC) and nonparametric bootstrapping using features available in Perl speaks NONMEM. 18 In VPC, 500 data sets were simulated using the final model estimates. The 5th, 50th, and 95th percentiles of the simulated concentrations were constructed and compared against the observed concentrations. Bootstrapping was conducted with 1000 data sets generated by randomly resampling with replacement from the original data set. The bootstrap estimates with 95% confidence intervals were compared with the estimates from the original data set.
Validation Data
Plasma concentrations from a second phase 3b, multicenter, randomized-withdrawal, placebo-controlled, double-blind, parallel-group trial 11 (ClinicalTrials.gov Identifier: NCT02160145) in ADPKD patients were used for external validation of the final Pop PK model. Subjects in the tolvaptan treatment arm who had at least 1 quantifiable tolvaptan concentration following tolvaptan administration were included in the analysis. The data set (with sparse PK sampling) consisted of 678 subjects and 3012 observations. Tolvaptan was administered as daily split-dose regimens of 60/30 or 90/30 mg consisting of a 60-or 90-mg dose on waking up and a 30-mg dose approximately 8 to 9 hours later, with down-titrations to 45/15 and 30/15 mg as needed for tolerability. Food intake was not recorded in this phase 3b trial.
Assessment of Predictive Performance
The final Pop PK model discussed was used to generate normalized prediction distribution errors (NPDE) for the validation data set. 19 A cumulative distribution was assembled for each observation with 500 simulated concentrations. The null hypothesis of NPDE is that it obeys a standard normal distribution N(0,1). The NPDE results were summarized graphically and statistically using the R package. NPDE values were generated by setting MAXEVAL = 0 and specifying NPDE as an output variable for the Pop PK model and applying it to the validation data set. The Pop PK model was used to generate 500 simulated data sets for the population in the validation data. The simulated data set was used to plot VPC. The 5th, 50th, and 95th percentiles of the simulated concentrations were constructed and compared against the validation data set observed concentrations. Model performance was assessed through VPC and NPDE plots.
Results
Population Pharmacokinetic Modeling
Base Model. A 1-compartment model with 0-order absorption, first-order elimination, and a combined additive and proportional error structure effectively described the dense PK data (75 subjects, 1968 observations). This model was then applied to both dense and remaining sparse data. Based on noncompartmental analysis it was observed (data on file) that an increase in dose results in disproportional increase of tolvaptan PK parameters such as clearance/F (CL/F) and volume of distribution (Vd/F). This change was considered due to differences in relative bioavailability (F1) of different doses. Hence, before full covariate analysis, the effect of dose was investigated on tolvaptan F1. Both a stepwise effect and a nonlinear effect approach were tested to 
Covariate Model Building. Data used for covariate analysis are summarized in Tables 1 and 2 . Body weight (WT), eGFR, and Inh were identified as statistically significant covariates on CL/F, and WT was identified as a statistically significant covariate on Vd/F (Table S1 ). The parameters of the final model are presented in Table 3 . The impact of covariates included in the final model is presented in the PK forest plot (Figure 1) . The effect of eGFR at the 5th and 95th percentiles on CL/F exceeds the 80% to 125% range. The effect of median eGFR suggests that for subjects with the extremes of eGFR (5th and 95th percentiles were 32 and 110 mL/[min·1.73 m 2 ], respectively), CL/F would be 33% lower and 27% higher, respectively, than the median eGFR of 69 mL/(min·1.73 m 2 ). The effect of WT at the 5th and 95th percentiles on CL/F does not exceed the 80% to 125% range. The effect of median WT suggests that for subjects with the extremes of WT (5th and 95th percentiles were 56 kg and 113 kg, respectively), CL/F would be 20% higher and 17% lower, respectively, than the median WT 79 kg. Similarly the effect of WT at the 5th and 95th percentiles on Vd/F does not exceed the 80% to 125% range. The effect of median WT suggests that for subjects with the extremes of WT, Vd/F would be 8% lower and 8% higher, respectively, than the median WT of 79 kg. Inh reduced CL/F by 23.2%.
Model Diagnostics and Evaluations. Diagnostic plots for the final model adequately described the observed data ( Figure S1 ), and significant trends within these scatterplots were not observed. Moreover, the final model was much improved relative to that of the base model (data on file). The subjects involved in this trial were titrated to 1 of 3 split-dose regimens Figure S2 ). The observed medians and simulated medians are close, which indicates that the model adequately described the data.
Bootstrap analysis was performed to determine the model stability. The bootstrap success rate was 99.7%. The model stability assessed by a 1000-run bootstrap analysis showed that the mean parameter estimates of data were within 10% of those obtained with the final model and fell within 95%CI (Table 3) . Hence, the model was confirmed to be stable, robust, and accurate. CL/F indicates total body clearance of drug from plasma following extravascular administration; %CV, percentage coefficient of variation; D1, duration of absorption; Dose max , the highest dose at which F1 is lowest; Dose 50 , the dose at which F1 is 50%; eGFR, estimated glomerular filtration rate; F1, relative bioavailability; %RSE, percentage relative standard error; Vd/F, apparent central volume of distribution; WT, body weight. a CYP3A inhibitors coadministered. Assessment of Predictive Performance. The subjects included in the external validation data set had observations (93.7%) distributed between the split-dose regimens of 60/30 mg and 90/30 mg. As shown in the VPC plot (Figure 2) , the observed and predicted medians are close, which indicates the optimal predictive performance of the final model.
Normal Q-Q plots for NPDE and histograms of NPDE (Figure 3) show that there is minimal skewness. The 3 central moments of the distribution of the NPDE-mean, variance, and skewness-are 0.16, 1.3, and 0.15, respectively.
Discussion
This is the first published Pop PK model to evaluate tolvaptan PK in ADPKD subjects. Various PK models were explored to describe the data, but a 1-compartment model, with 0-order absorption and first-order elimination described the model optimally. The effect of dose as a covariate on F1 was investigated on the complete data set instead of the dense data alone because of the availability of a wide dose range in the complete data set. Physiologically, dose does not decrease the absorption rate constant; instead, an increase in dose affects F1 due to the low solubility of tolvaptan. Tolvaptan is classified as a low-solubility compound in the biopharmaceutical classification system and the biopharmaceutical drug disposition classification system. 20, 21 Decreased F1 at high doses is not uncommon for low-solubility compounds because the drug does not dissolve readily and residence time at the absorption site may be insufficient, and in such instances, F1 tends to be low at high dose. Accounting for changes in F1 significantly improved the model: as the dose increased from 15 mg to 120 mg, F1 decreased by 36%.
The most significant covariate after dose is eGFR. It has been determined that renal impairment can affect the PK of drugs that are predominantly eliminated by nonrenal processes such as metabolism by cytochrome P450 isozymes and/or active transport. 22 Earlier studies indicated that chronic kidney disease was associated with a decrease in the expression of specific liver P450 isoforms; the main hypothesis appears to be the accumulation of uremic toxins, which can modulate CYP activity. 23 CL/F decreased with decrease in eGFR, which subsequently is expected to result in an increase in tolvaptan exposure. CL/F decreased with increase in WT. The impact of WT on CL/F ranged from 10.2 L/h for a 113-kg subject to 14.7 L/h for a 56-kg subject as compared with the typical value of 12.3 L/h for a typical 79.5-kg subject.
Tolvaptan is a sensitive CYP3A4 substrate, 13 so it is expected that coadministration of CYP3A inhibitors and inducers would effect tolvaptan CL/F. In a previous dedicated drug-drug interaction study conducted in healthy subjects, it was observed that subjects on a strong CYP3A inhibitor (ketoconazole 200 mg a day) had an 83% decrease in CL/F and a 3.5-and 5.4-fold increase in peak plasma concentration (C max ) and area under the concentration-time curve, respectively, as compared with subjects not taking ketoconazole. 24 Based on the current analysis, CYP3A inhibitor coadministration (Inh) with tolvaptan reduced CL/F by only 23.2%; this relatively small effect occurred because very few strong CYP3A inhibitors were used during the open-label trial, as the protocol indicated that "strong CYP3A inhibitors were to be avoided." Dose reductions to 30 mg or 15 mg once daily, depending on tolerated dose, are recommended when tolvaptan is to be administered with a strong CYP3A inhibitor. 7 In a previous healthy-subject study evaluating the effect of a strong CYP3A4 inducer on tolvaptan concentrations, it was observed that tolvaptan C max and area under the concentration-time curve ratios for subjects on rifampin and tolvaptan over tolvaptan alone were 0.17 and 0.13, respectively. 24 However, fractional change of CL/F due to CYP3A4 inducer coadministration was excluded from the forward analysis because fewer than 1% of the observations were reported to follow coadministration with CYP3A4 inducers ( Table 2) .
The final Pop PK model with inclusion of covariates adequately described the PK of tolvaptan; however, due to sparse sampling and the limited number of observations in the absorption phase, higher interindividual variability was observed for the duration of absorption.The VPC plots showed acceptable model predictive performance across all dose regimens, and few peak tolvaptan plasma concentrations were outside the 90%CI. One of the reasons we speculated that some of these observations may have been captured by the model if dosing in the fasted or fed state had been able to be incorporated as a covariate was that as tolvaptan dose was increased from 30 mg 25 to 90 mg (noncompartmental analysis, data on file), mean C max values were increased 15% to 96% following a high-fat meal.
Conclusions
This is the first published article describing a Pop PK analysis of tolvaptan in ADPKD subjects. Tolvaptan PK was well described by a 1-compartmental model with eGFR, Inh, and WT as significant covariates on CL/F and WT as a significant covariate on Vd/F. Covariate models have improved our understanding of tolvaptan PK. Bootstrap analysis shown that the Pop PK model is stable and robust. Internal and external validation using VPC confirmed the ability of the model to describe the data optimally.
